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SUMMARY

The hydravllcally operate?, aantomntic englne-control system
from a German BMYW 301D2 alrcraft engine was bench-tested to deter-
mine the relations between the control parameters and any apecial
methods by which the control principles are acdanted to the control
of the engine. Characteristics are presented for a full range of
similated menifold oressures, charge—-alr temperntures, and englne
sveeds for altitude pressures corresponding to altitudes ranging
from aphroximately 1000 to» 35,00C feet above sea level. The func-
tion and the operating characterigtics of the manifold-pressure
control, the supercharger gear-ratio control, the propeller-:itch
control, the mixture contrel, and the svarl-advence control are
analyzed on the basls of test results and calculated engine air
flow. The relations between the control parameters are granphicelly
presented. The wressure characteristics of the servo-oll system
are discussed with respect to the effective ceiling of this auto-
matic engine control, and an analysis is given of the operation
of the automatic engine-control system in the event of failure of
the servo-oll gystem.

INTRODUCTION

The introductlon of the variable-plich vropeller, the develop-
ment of modern supercharging techniques, and the application of the
relations existing between the various engine variables to obtain
optimum performance have so compliceted the control of an aircrafi
power plant that it has become almost impossible to obtain effi-
ciently the desired power—plant performance under all conditions of
flight by manual control. This problem is especially serious in
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military eviation where optimum performance with minimum attention
to engine controls 1s necessary. The necesslty of providing an
easlly operated automatic engine control for obteining desired
power-plant performance by proper correlation of the engine vari-
ebles has consequently become recognized.

An automatic engine corntrol lmown to be in military service
is the hydraulically operated type mounted on the German BMW 801
sories of aircraft power plante. This control by means of a single
lever in the pilot's cockpit selects manifold pressure, engine
gpced, fuel-alr rstlo, spark advance, and supnercharger gear ratio
in accordance vith the correlatlion of the ergine varliables neces-
sary to trodvce the desired oerformance.

At tho request of the Army Alr Forces, Air Technical Service
Commend, bench testis were conducted at the Cloveland laboratory
of the WACA during 1SU4 to determine the operating characteristics
nf the automatic—control aystem of & BifW 801D2 engive. Particular
enmphasls was placed on the determination of the relatlons between
the control paremeters and of any sveclal methode by which the
control princinles are adarnted to the contrsl of the engine.

APPARATUS

The control unit (Mfr, ¥o. 7653) uscd in the mresent investi-
gation is from a BM/ 801D2 enginc (Mfr. Ho., 30UO68) a~d was re-
ceived with sesls intact. This unit tcgether with the accessory
pad vag removed from the erngine and was mounted foir berch tests
under simlated operating conditions of the engire. A functional
diagram of the control system 1s presented irn figure 1; detalled
dlagrammatic sketchea of the control system are shown in figuros
84(a) and 85 of reference 1. The control syrtem and the asparatus
neccesary for the bench tests are schematically shown in figure 2.
Tigure 3 presents vhotographs of the test setup. The machanical
construction and the move.ient of the verious linkage systems in the
tyve of control eystem lnvestigated are described in reference 2

(pp. 293-209).

TEST PROCEDUIE

Manifold—oressurs cirntrol. — Manifold -:reszsure was varied
at predetermined settings of thc main-servocontrol lover (that 1s,
the lever oa slde of cortrol which trensaits motion of single lever
in cockpit tn power amplifier in control unit) whern the manifold-
pressure control was tested. By thils procedure the range of manifold
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nressures and the range of positlons of the sumercharger intake-

alr throttles corresponding to a particular position of the main-
servocontrol lever could be determined. Closing of the supercharger
intgke—-alr throttles indlcated the uvper 1limlt of the range of
operating manifold pressures; openlng of the throttles indicated

the lower limit.

Supercharger gear—ratio control. — In order to dstermine the
altitude at which the change in gear ratio of the superchargor
occurrod, altitude pressure was changed at various positions of
the main-pervocontrol lever. Altitude pressure was varled at a
rate corresponding to an altitude rate of change of 3000 to 4OOO
feet per minute. During the test, the gear—ratio control was
allowed to remaln at ambient temperatures, which wers avproximately
the same as the temperatures that would exiat in the accessory
compartment during flight.

Propeller—pitch control. — The load indication of the constant-
snoed. governor of the nromeller-pitch control wa: obtailned for each
position of tiie mainp-servocoatrol lover by means of a calibrated
posltion indicator.

Mixture control. — Bench tests were conducted at constant
mrnifold preseures with varied eltitude pressurc and charge-air
temperature to dctermine the opoeratirg characteristics of the mix-
ture control below the critical eltitude. Overating characteristics
of the mixture contrnl above the criticel altitude were determiued
by veryirg the manifcld pressure and the charge-air tomperature
at conetant altitude vressures.

The position of the fuel-metering indicator waes recorded for
each tent condition. The fusl flow was then calcaleted for each
position of the fuel-metering indicator from figure L4, which was
obtaired from bench teasts of the fuel-lnjoction pump conducted at
the Cleveland laboratory of the 1ACA.

According to informatinn in the ¥W 190 A-l, A-2, A-3 Manual
(Air Minietry Trans., A.I.2(g), June 7, 1943), the change from lean
to rich mixture occurs at an englne speod of 2150 rom. The posi-
tion of the main-servocontrol lever has no bearing on the action
of the mixture control other than to establish a lean—mixture or
a rich-mixture sotting or to offect a guick cut-off of the fuol-
injection pump. Ior engine speeds less than 2150 rpm the main-
sorvocontrol lever was therefore keot in a lean position; for
engine speeds greater than 2150 rpm the maln-servocontrol lever
was kept in a rich position.
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Alr flow for various englne operating conditions was cslculated
on the basis of charge-air denslty, englne speed, and a constant
volumetric efficlency (assumed to be 95 percent). The charge-air
temerature was determined from calculation of the temverature rise
through the supercharger. The symbols used for the alr-flow cal-
culations are listed in appendix A; the method of calculations isa
glven in apoendix B.

Spar.~advance control. - Spark advance was obtalned for various
positions of the "advance-retard" control rack. A position indi-
cator. was callibreated in terms of control~rack travel, which made
it possible to obtailn spark advance for all simulated overating
conditions of the englne.

PRECISION

The position indicators were so calibrated that errors in the
readings of position were limitod to the following values:

Supercharger intake-alr throttles, degroe . . . . . . . . . +0.5
Fuel-metoring indicator, degree . . « « ¢« ¢ « » . ¢« « « » - 0.5
Spark advance, degrec . . . e e s s s e s e s s e s . - *0.13
Load indicatlon of the constant—qpeod governor, 8scale

division . . ¢ ¢t ¢ e 4 e e s e s e s e s e s e e . e s HO5F

Manifold and altitude pressures were maintained within +0.05
inch of mercury. The error in readings taken whlle oressure was
being varled was estimatod to be #0.1 inch of mercury.

Charge~alr temporatures were maintained within ih’ T of tho
desired valucs.

The Dosition of the malin—-servocontrol lever was malrntained
within +0. 12,

TESULTS OF TESTS AND DISCUSSION OF CFATACTEISTICS
¥anifold-Pressure Control

™e function of the variablo-datum, manifold-wressurec control
ia to maintain the manifold onressurc thet corresponds to e -artic-
uler enginc smeeod and related power output uvw to the ericical alti-
tudes of thae supercharger. The rclatlon between englne speed and
manifold vressuro, shown in figure 5, was derlvod from overating
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curves of a BMW 80112 engine that were furnighed by the Engineering
Division, Materiel Command, Army Air Forces. Above the critical
altitude, manifold pressure at any partlcular englne spoed decrcases
directly with eltitude-density ratlo, as shown in figure 6. The
curves wére obtained from the relation between engine speod and
manifold pressure given in figure 5 and from tho solution of equa-
tion (6), derived in appendix B.

The relation shown in figure 5 is maintalined by controlling
the poslition of the supercharger intake—alr throttles through a
combination linkege that allows control of throttle position by
the setting of the meiln-servocontrol lever and by tho manifold-
pressure control. The position of the main-servocontrol lever
determines the range through which the manifold-pressure control
can vary the setiing of the throttles. The curves in figure 7
indicate the range of possible throttle sottingzs for each position
of the main-sorvocontrol lever as limited by the part of the combi-
nation linkaze that 1s actuated by the main-servocontrol lever.
The specific throttle setting for eech position of theo main-
sorvocontrol lever is therefore determined by the manifold-vressuro
control.

Yor any position of the throttles within the range shown in
figure 7, manifolé pressure (for any particular positlon of the
mein-servocontrol lover) can vary through the range of valucs
shown in figure 8. Thie featura was incorporetcd in the manifold-
prossure control by the dosign of the servoplston control valve
in order to prevent fluctuatlon of tho throttlee when oxtremely
small changes in mwanifold pressure occur.

A diagram of the manifold-pressure control with the control
valve in the oquilibrium vosltion 1s shown in figuro 9. (Ianforma-
tion for this figuro was obtaincd when BMW 801D2 engino control
¥o. 7393 was disassemblod. The oil passages aro shown in fig. 9.)
The condition of equilibrium requires that the pressure force
plus tho control-valve-spring force be eoqual and opposite to the
cepsule—-stack soring force whon the ports of th¢ servo-oil systenm,
shown at the right of the control vdlve in figure 9, are covored
by the control-velvo lands. Any disturbance of equilibrium will
cause a change in throttle position and a conseguent change in
menifold pressure until equilibrium is again castablished. The
menifold pressure at which equilibrium is reached can be varied
by changlng the datum of the cavwsulo stack; therefore, bocause
the capsule~stack-datum position 1s some function of the main-
servocontrol-lever position, a definite manifold proassure is
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developed for cach poailtion of the maln-servocontrol lever. (Soe
roeferencoe 2, p. 297, for description of the linkage connecting the
capsulo stack and the main-servocontrol laover.)

The golid curve in figuro 10 shows the variation of manifold
prossure wlth main-sorvocontrol-lever position for the control
gsystem investigatod. This curve is diszlaced 2.8° to the left of
the correspondinsg curve plotted from data furnmished by the Army Air
Forcos, Materiol Command. This displacoment was made becauso, in a
preliminary investigatlon, the position of the maln-servocontrol
lever at which the mixture changed from loan to rich weas observed
to differ 2.8° from that shown on the curve received from the Army
Air Forcos. The FW 190 A-1l, A-2, A~3 Menuel statos, "The chenge
ovor 'Weak to rich' when ovcning throttle lever | main-servocontrol
1ovor] 1s marzed at a position corresponding to ¥o =1.14 ata

Epa is menifold pressuro and 1 ata cquals 1 kg/cm2] end 2150 rovs.,

by a fall in boost of 0.05 ata." The ~ssumption wes mado, there-
fore, that the position of the main-servocontrol lever at which the
control system testcd changed from a leen-mixture to rich-mixturc
setting correspoaded to theso spocifications of menifold pressuro
and ongine epced. The 2.8° displacement rosulted in a change in
the reletion botween engine speed and main-sorvocontrol-levor posi-
tion Put the relation botwoen engino svesd and manifold pressure
shown 1in figureo 5, which 1ia the basis for the tests, was unaffectoed.

The fall in manifold preesure of 0,05 ata is necossary to com-
pongsato for a slight increase in output that accommanics the mix-
ture change from lean to rich, This eudden change in mrnifold
pressure is effected by the manifold-pressure componsating mechanism
described in roference 2 (p. 298).

During the investigatlion 1t was notcd thet the mixture change
from rich to lean occurred at a main-servocontrol-levor setting
2.8° lower than the mixiure change from loan to rich. The FW 190
A-1, A-2, A-3 Mamial states, "'Rich to wezk! whon closing throttle
[main—servocontrol lever |, with a throttle—leover sotting corre-
sponding to py = 1.09 ata and 2150 revs., “ls rocognizable by an

increaso in boost of 0.05 ata." This increase in ranifold pressure
is necossary to compensate for a mlight decreasc in power output
that accomanies a change from a rich-mixture to a lean-mixture
setting. Iizure 11 shows the 2.8° lag in the position of the main-
gervocontrol lover vhen the mixturo chenzes from rich to lean.

This leg is an unavoldable result of the design of the sorvo-
mechanism thnt causes the sudden chenge in mixture ratio and the
slmiltanerus compensation in manifold pressure.
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Fizure 11 aleo shows that, for correspording positions of the
mein-servocontrol lever, operating manifold pressures are elightly
higher when the position of the lever 1s being decreased than when
the position of the lever is being increased. This differsnce in
resulting manifold pressures is caused by a lag in the linimge that
positions the datum o{ the capsule stack of the manifold-pressure
control. .

A discrevancy wlll be noted between the curves of figure 8 and
the s0lid curve of figure 10. Because the relation bhetween engine
speed and manlfold pressure shown in figure § compares favorably
with data given in a translated German report (reference.l, p. 10),
it 1e thought that the dlscrepancy between the two curves is prob-
ebly the result of a maladjustment in the linkage that controls the
capsule~stack datum of the manifold-presaure control.

Supercharger Gear-Ratio Control

Figure 12 shows the effect of altitude-density ratio on calcu-~
lated air flow. (The method of calculating air flow is given in
appendix B.) On the assumption that air flow at a particular engine
speed 1s an index of indicated nower output, figure 12 shows the
trend of indlcatoed power output as affected by altitude-denalty
ratio. If the goar ratio of the supsrcharger i1s changed when the
critical altitude of the supercharzer in low gear 1s rcached, an
undesirable abrupt decrease in brake power output will result be-
cause of the decrease in air flow and because of the simultaneous
increase in the power requirad to drive the supercharger in high
gear. (The decrease in air flow is caused by the increased churge—
air temverature that accomyanies increased impeller-tiv speeds.)
When the supercharger is allowed to operate above the critical al-
titude in low gear, brake power output decreases gradually and the
maximum brake power outvut at each varticular engine speed and al-
titude can be obtalned. Maximum power can be obtained in this
menner until a chanse in gear ratio of the supercharger cauaes a
sufficiently large increase to offset the additional power neces—
sary to drive the supercharger in high gear. The function of the
supercharger gear-ratio control 1s, therefore, to change ths gear
ratlo at the particular altitude that will allow maximum perform—
ance to be obtained at cll altitudes and to eliminate undesireble
abrupt changes in power at the altitude at which the gear ratio of
the supercharger 1s changed.

The change in gear ratio of the supercharger occurs at one
definite pomition of a contirol valve that is actuated by a
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variable-datum cepsule staclkz through e splndle and a rocker-arm
shaft. (8ee fig. 13, which was drawn from information obteinec
when BMW £01D2 engine—~control unit No. 7393 was disassembled.)

The movement and consequent.position of the control valve are
directly proportional to the sum of the displacement of the variable
datum end the dlsplacement of the spindle relative to the varlable
datum. The displacement of the variable datum 1s caused by a chanze
in the poeition of the main-servocontrol lever. Because of the
cefinite relation between the position of the main-servocontrol
lever and engine speed, the change in gear ratio may be considered
ap a function of engine speed. The displacoment of the snindle
relative to the varlable datum is effectcd by & change in altitude
pressure on the capsule stack. (see fig. 13.) Because the change
in goar ratio occurs at a fixed voeltion of the control valve, the
sum of the disnlacement of the variableo datum and the relative dis-
placement of the snindle necessary to produce the change is a con-
stant. An increanse in the displacement of the variable datum,
resulting from an increase 1n the position of the main-servocontrol
lever, therefore cesuscs the chrnge in gear ratlo to occur at a lower
altituda.

Figure 14 shows the reletion betwoen ergine speed and the alti-
tude at which the change in gear ratio occurs. Figure 1l also indi-
cates that the suvercharger can be driven in high or low gear
throughout a range of approrximetely 5200 feet. An examination of
the control valve and its eleeve showed that the wldth of the
contrnl-valve lands exceeded the width of the two ports in the
sleeve by 0.020 inch for one vort and 0.019 inch for the other.

This featurc is incorporatcd in the suvercharger gear-ratio coatrol
by the dosign of the coatrol valve in order to prevent changas in
goar ratio when the airplane 1s flying et an altitude noar that at
which the change occuras. Pogsitive changes in gear ratio are assured
by the action of the sauttle valve (fig. 13), w:ich ellows maximum
0il preesure to bu instanteneously sxerted when the control valve
reaches tho position at which the change in gear ratlo should occur.

Displacement of the capsule stack was unaffected by changes in
temperature bccause the capsules were evacuatod to a »ressure of
aoproximately 3 inches of mercury absolute.

Proooll or-Pitch Control

The purnose of the propeller-piltch control is to regulate
engine speed by control of a variable-plich propeller in such a way
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that the desired relation between engine speed and manifold pressure
(fig. 5) can be maintained up to tho oritical altitude. The

7 190 A-1, A-2, A~3 Manual states that the maximum permissible
" variation from “this relation owing to tolerance in the setting of
the control unit is *30 rpm.

Engine snecd is maintained constant by moans of a fly-ball
governor and an incorporated servopiaton valvo. The loading of the
governor 1s determined by the position of the main-servocontrol
lever. ITor each governor loading, wroveller pitch will very through
a range of values; the eoxact proneller pltch depends on airspeed and
air donsity. Tho correlatlon of the vropsllor-pitch setting with '
the load indication of the constant-evend governor was not obtained
bocaise no ectual englne and propeoller tests woro conductod.

An appreciavlo lag in the load indication of the constant-
svoad governor occurs when the position of the maln-servocontrol
lover is docroased. (Sce fig. 15.) Thnis lag is ceused by nlay in
the encased flexible cable connecting the control unit with the
constant—-egpoecd governor. Bocause the constant—speed-governor
loading is an indication of engine speald, lhis lag signifies that
engine speods for decreasing mosltions of the maln~agervocontrol
lcver are higher then those obiteinod for corresvonding increasing
positions of the main-servocontrol levor, Figure 15 also shows the
range through which the constant—-spood governor may be loaded by a
manually oporated lover that overrides the automatic control. (See
referonce 1, p. 16 for an explenation of the mechanism that over-
rides the automatlic control.

Mixture Contrsl

The mixturo control, diagrammatically shown in figuro 16, pro-
vides the engine with the fuel~air ratios necessary to obtain the
desired englne performance. The deslga of thie control asppearas to
be based on a relation of parameters similar to that given in refer-
ence 3. Movemont of the cansule stack (resulting from changes in
manifold pressure, charge-alr tomperaturo, and altitude pressure)
cauges the follow-up lever %o rotate about the voint of contact
between the follow-upn lovor and the cam, thoroby displacing the con~
trol velve. This displacemont onens one sido or the other of the
sorvoplston to oil pressure, ceusing it to rofateo the plungers in
the fuel~injection pump by means of a linkage system and thus
causing the quantlity of fusl metered by the pump to vary. Movement
of the servoplston causes rotation of the cam, which through action
of the follow-un lever roturns the control valve to tho equilibrium
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poeition and etops oll flow and consequent movement of the servo-
pleton. The contour of the cam is such that for every position of
the cansule stack the servopiston has a corremsponding position.

The capsule stack therefore regulates fuel flow according to vari-
ations in the donsity of the chargo alr and according to variations
in volumetric efficlency caused by changos in altitude prosesure.
Negulation of fuel flow on the basis of the relation between volu~
metric efficiency end onglne sveed la orobably accounted for oithor
in the soced~delivery cliaractorlstic of tho fucl-injoction pumv or
in tho design of the contour of the cam.

Calculatod fuel—-alr retios for low-gear and hirch-gear ovcration
aro presontad in figures 17 and 18, respcctively. Fuel-alr retios
wero detormined from experimental fuol-flow data and calculated air
flow. Those calculated fuel-air ratios eoproximate crulsing fuel-
alr ratios obtainablo 1n cHnventioral carburetor—-type engines
operating with tho automatic-loan sotting. The mixture control has
no sotting that provides fuel-air ratios in the crulsing ranco that
compaere with the retios provided by tho auntomatic-rich setting of
eonvantional carburetor-tvwc engines. Micure 19 shows that fuel
flow increases with an incrcase in manifold preassure both below and
above the critical altitude of tho suporcharger. Below tho critical
altitude, fuel flow increases with a docreaso in altitude-density
ratio; whoroas, above the critical altitude, a decrease in altitudo-
donslty gatio produccs a corrosponding Gecrcase in fuel flow. (Seo
fig. 20.

Tho tronds of the fuel-flow curves (figs. 19 and 20) compare
favorably with those of tho alr-flow curvos (fige. 21, 22, and 12),
showlng that fuel is metered in accordance with eir flow and that
reclativoly constant fuel-alr ratlos in the cruising range arc thus
maintained. The wrinclpal purpnse of the mixture control in tho
cruising range (1450 to 2150 rpm), therefore, appoars to bo the
maintonance of maximum fuel economy for the desired range of power
output. The mixture control seems to accomplish this objective
bolow tho critical altitudos of the superchargor whon tho super-
chargor is in either low or high goar. Mixture control also apvears
satiafactory above thc critical altitude when the sujsercharger is
in low gear. Tor crulsing speeds above the critical altitudoe in
high gear, howovor, the mixture conirol functions less satiasfactorily
bocauso the width of tho band of controlled fuol-air ratios is
greater tuan that obtainod during operation in the throe conditions
previously montloned.

At an engino speod of 2150 rpm and a corresponding manifold
preesure of 32,9 inches of mercury absolute, tho mixture changos



FACA MR Ho. ES5D1S 11

abruptly from lean to rich, which is desirable because operation at
unoconomical transitional fuel-air ratlos is obviated and economical
operation over a wlde range of crulsing speods is permitted. This
change 1s accomplished by a special sorvomechanlsm that is actuated
at a particular position of the main-servocontrol lever. (Refer-
once 2, p. 298, describes the linkage that causes the change-over.)

The mixture control in the powér range (2150 to 2465 rpm) vro~-
vides fuel-alr ratlos that are sufficiently rich to insure the
deslred power outputs and that approximate the fuol-air ratios
utilizod in power—range operation of conventlional carburetor-type
engines. TFuol-alr ratios are mairtained that nermit correspondingly
high manifold pressures without detonetion and without oxcessively
high cylinder temporatures. Fuel-alr ratlos in the power range with
tho supercharger in low goar vary between 0.092 and 0.113. (Seos
fig. 17.) VWhen tho suporchargor is in high goar, the control of
fuel-alr ratio is more erratic; valuos ranging from 0.103 to 0.130
arc obtained for altitudos below the critical eltitude of approxi-
mately 21,000 foet. Above the critical ecltitude, the fuel-alr
ratios are limited to & ronge botween 0.096 and 0.116. (Sae fig.
18.) The effoct of manifold prossure and altitudo-donsity ratio
on fuel flow during power operation is shown in figuros 19 and 20,
rospectivcly.

Although tho mixture control was designed to compensato for
ckhanges in cherge—alr temperature in order to mailntaln an approxi-
natoly constant fuel-alr ratio at a given onglne speocd and manifold
prossure, variation from 100° to 275° F produced no discernidlc
offoct on fuel flow. Consequently, the increase in charge-alr teom—
porature accompanying tho chango in suporcharger goar ratio from
low to high causocd the fucl-nir ratios for high-goar oporation to
bo richor than those for low-gocar oporation. (Sec figs. 17 and 18.)

Spark-Advance Control

The function of tho continuous spark—-advance control 1s to
timo lgpitlon in ordor that meximum ncrmissible vowor with minimum
spocific fuel consumptlion is obtaincd at a givon manifold prossure
and fuel-cir ratio without resulting in deton~tion and excessivoly
high cylindor tomperaturca. The dogreoc of spark advance is deter—
mined by the position of the mixturo—-control gpindle, which indi-
cetes that spark advanco is mainly dependent upon fuel-alr ratio
end manlifold precasure.
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The offect of manifold pressure on spark advance is shown in
figure 23. Idling and starting rongo 1s charectorizod by a rotarded
spark for casy sterting and smooth running et low speeds. Tho
crulsing range requiree an advancod spark to attain maximum fuel
cconomy vhon tho ongino 1s ovorating at lean mixtures. As wmanifold
prossuro increases, howevor, the spark must be rsterded to prevont
dotonation. Tho change from crulsing to vower mixturos 1s accom-
paniod by a suddon retarding of the epark to allow for tho increasod
manifold prossure and chargo-clr toameraturces in the power ranzo.
Below the criticel altitude in the wowor range, tho spark =sdvanco
remalns constai:t at an intermcdiatc position. Above the eritiecl
altitude, howover, the docroase in menifold pressure pormits an
incroasc in snark advance without the deagor of detonation.

Sorvo-011 Systom

hrn the sorvo—~oll system was subjccted to altitudo prossuraos
corrosponding to altitudes above 21,000 feot, the discharzo pressureo
of tho scrvo—oil przssure puup dropped below tho minimum prossure
obsorved (gpnrox. 100 lb/sq in. ebsolute) to be necossary for offi-
clent control operation. Figurc 2i4 shows tho effoct of altitude on
the dlechargo prensure of tho sorvo-oll pressure pum. Above
24,000 feot, tho rate at which the servo-oil pressura docroased
wes approximately 12.5 pounds por squere lnch por 1000-foot incroese
in altitude. A%t 32,000 foet, the oil proosure was virtually zcro.

The dlscharge prossure of a goer rvump 1s rcduced avproximatoly
in proportion to the volumctric vorcontage of entraincd air and
vapor in the oil at the inlet port of the bump. Vhen tho oil systom
wes subjected to an altitudo prossurc of 8.1 inches of mercury ahso-
lute (corresconding to an altitude of 32,000 ft), tho volumectric
porcentage of entrained alr and vopor incroas-d to such an oxtont
that the diacharge prossure wes virtually zoro. This offect would
cause sluzglsh ooeration or complote failuro of tho automatic-
control cystom et altitudes from 2U4,0C0 to 32,000 fcot, doponding
uwoon the oll pressuro obtelnablo. Tho orossure charsctoristics of
tho seorvo-oll systom aro, thereforo, a factor limiting tho offecctive
colling of thls autommntic ergine control.

Emorgency Control
If falluro of tho sorvo-oil systom occurs, the automatic engine

control con provido limited manual control over throttle vosition
for omergency oporation of the ongino at cruicing powors. ZEm~rgency
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control over propellsr pltch 1s also provided by an electrlcsal
propeller-pltch control, which is manually operated. The elec-
trical propeller-piltch control, however, does not provide auto-

" matic regulation of the propeller pitch for constant-speed

operation of the engine. } .

When fallure occurs, the throttles wlll seek a position along
the lower curve of figure 7. The exact throttle angle will fall
between 0° and 23° from the closed position, depending upon the
aotting of the maln—-servocontrol lever at the tlme of fallure.

The throttles can aleo be manually set at any point on the lower
curve of flgure 7 by mechanlcel force through the same linkage
that hydrauilcally actuates the throttles.

When fallure occurs, a spring-loaded piston in the servo-
mechanism of the mixture control positions the fuel-injection
pump to meter eufficlent fuel. for emergancy operation of the en-
gine. TFuel quantitvies delivered for engine speeds from 1450 to
2465 rpm vary from 295 to 710 pounds ver hour.

Because the degree cf spark advance 1s dependent upon the
position of the mixture-control spindle, spark advance will be
determined by the range in which the engine is operating when fail-
ure occurs. Thus, if failure occurs in the crulsing range, spark
advance will be changed to approximately 31° B.T.C.; if failure
occurs in the gower rangse, spari: advence will be changed to ap—-
vroximntely 26° B,T.C. In case of fallure of the servo-oil system,
the supercharger will remain in the gear ratio in whlch 1t wes
operating when fallure occurred.

SUMMARIZATION OF CHARACTZRISTICS

The following characteristice were determined from bench
teste of the automatic engine-control system from a German BMYW Z01D2
engine and calculated engine alr flow. The control system was
tested under simulated manifold pressures (12 to 39 in. Hg absolute),
charge-alr temperatures (100° to 275° F), and engine speeds (1150
to 2465 rpm) for altitude pressures corresponding to altitudes
ranging from approximately 1000 to 36,000 feet above sea level.

Manifold-Prcssure Control

1. PEelow the critical sltitudes of the suvercharger, manifold
pressure is a ‘function of engine speod. Above the critical alti-
tudes, menifold pressure is a function of engine speed and altitude-
density ratio.
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2. At any particular poslition of the main-servocontrol lever
and tho corresponding engine speed, the deslgn of the scrvocontrol
valve allows manifold pressure to vary through a small rangs, which
eliminates fluctuatlon of the throttlos and thoreby improves sta-
bility of the maenifold-pressure-~control system.

3. The variable-datum capsule stack is a simmnle, vositive,
and easily adjustable means for obtalning the desired relation bo-
tween engline speed end marifold pressure.

4. The manifold pressurz compensating device, as designed,
provides an effectlve mesns of eliminating tho undesirable abrupt
changes in power output that would otherwise accompany the sudden
changes in mixture strength.

5. In thec event of fallure of the servo-oll system, the com—
binsetion linkege vermitas limited manual control of throttle wosi-
tion allowing sufficient alr flow for emergency operation of the
engine at reduced output.

Supcrcharger Gear~Ratlo Control

1. The change in gear ratio of the superchnarger is n function
of engine sveod and altitude pressure.

2. Because tho sunercharger 1s allowed to remain in low zear
when the eircraft is galning @ltitude above the critical, maximum
performance for any particular englne speed can be obtained and
abrunt changes in power output vhen the gear ratio changes can be
eliminated.

3. The veriable-detum capstle stack provides a simple, posi~
tlve, and eesgily adjustablc means of obtainlng the desired relation
botwoon ongine speed and the altitude at whlch it is necessary to
change the gear ratio of the supercharger.

4. TUndesirable fluctuation betweon the gear ratios of the
supercharger is eliminated by the design of the control valve, which
provides a range of altitudes 1n which the superchargzer can operate
in oither low or high gear. Because this rango of altitudeos is
excesslive, the altitudo at wlhich the suporcharger changes from high
to low gear is much lower than the optimum altitude for the gear
chango. Consequontly, undesirable abrupt changes in power cre
experlcncod and less than maximum performance at any particular
engine spood 1s obtained at all altitudes when the aircraft 1is
losing altitude.
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5. If fallure of the servo—oll syetem occurs, loss of control
over tho selection of the supercharger gear ratio will result. The
suporchargor will remaln in the gear in which 1t was operating when
failure occurred. o

Propeller~Pitch Control

1. 3Because tho loading of the constant-speed governor deter-
mines engine speed; the lag in the loading caused by the lag in
movomont of the encased flexlblo cable signifios that the desired
relation between englne specd and menifold pressure cennot be
maintained.

2. In came of fallure of the servo—oll system, englne spced
can be regulated by an electric propeller-pltch coatrol.

Mixture Control

1. The mixturo control is designed to meotor fuel to the engine
in accordance with somc function of menifold nressure, altitude
pressure, and chargc-air temperature. Laboratory bench tcsts,
howover, showed that chenges 1n charge—alr tomporaeturc hrd no
offoct on fuol flow.

2. The mixturoc control fulfills 1lts purpose for all engine
opornting contitlons excoot when the altitude 1s increasing or
docreaging in tho crulsing range with the supercharger oporeting
in high goar abovo tho critical altitude.

3. The mixturc control has no asutomatic-rich setting for
crulsing spoeds as vrovidod for conveatlonal carburetor-type en-
ginos. The abiupt change from crulsing to power mixtures elimi-
natos oporation at uneconomical transitional fuol-alr ratlos and
provlides a wldc range of oconomlical crulsing svpeeds.

4. The control will meter sufficient fuel for emergoncy on-
gine ovoration in caee of failure of the servo-oll system.
Spark-Advance Control

1. Spark advanco in the crulsing range is a function of mani-
fold pressure.
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2. Bolow the critical altitude in the power range, spark
edvenco is maintained constant. Above the critical altitude, spark
advanco 1s mainly dependont on manifold pressure.

3. If fallure of the servo—oil qystem occurs, spark advance
willl be changed to spproximately 31 B.T.C. when the engino is
operating in the crulsling range or to approximatoly 26° B.T.C.
vhon the engine is operating in the powor range.

Servo-0il System

The offoctive ceoiling of the autometic engine control is
limited by the pressure charectorlistics of the scrvo-oil systom.
Teats 1ndicatcd that the offective ceiling is betwoen 24,000 end
32,000 feot.

Alrcraft Engine Resoerch Laboratory,
Lational Advisory Ccmmitteo for Aeroncutics,
Cleveleand, Ohio, April 19, 1945.
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APPENDIX A

e e e - .,
e

STMBOLS
A area of inteke duct, sq £t (0.171)

cp snecific hoat of normel alr at constent oressuro,
£4-1b/1o °F (189.05)

D diemoter of cylinder bore, £t (0.5118)

F'4 ratio of absolute to gravitational unit of mass,
1b/slug (32.174)

L length of piston stroke, £+ (0.5118)

N englno speed, rp-m

P total pressure, in. Hg absolute

pz- ram pressure at altitude, in. Eg ebsolute

Po ram pressurc &t standard alr density, in. Hg absolute
Qi/n load coefficient, cu ft/impoller revolution

Qn3 prossure coefficiont

R gas constant for normel sir, £t-1b/1b °F (53.30)
by tomperature, °F absolute (°F + 459.6)

v impoller tip spacd, fps

Vi volocity of alr in intake duct, fps

Va  total engine displacement volume, cu £/min

v flow rate, 1b/hr

c mumbor of cylinders (1Y)

a4 ratio of specific heat a2t constant pressure to specific heat
at conaetant volume for normel air (1.3947)
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AP prossure drop in intake duct, in. Hg

N,q adiabatic temperature-riseo ratio or adiabatic efficlency
- volumétric efficloncy based on intake~manifold density
P, standard air donsity at eltitude, slug fou £t

Po standard density of dry air at 59° F end 29.92 in. Hg
ebsolute, slug /cu £t (0.002373)

Subscrints:

1 condition at inlet of suporcharger
2 condition at outiot of supsrchargor
] altitudo

E.p eritical altitude
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APPENDIX B

. e : METHOD FOR CALOULATION OF ENGINE AIR JT.OW

Yor every condition of manifold pressure and altitude to which
the mixturo control wes subjscted, englne air flow was calculated
by assuming a constant volumetric efficlency of 95 nercent based
on existing manifold pressure end cherge—alr tempereture.

Below the coritical altitudes of the supercharger in low and
high geaw, manifold pressures corresponding to glvon engine spoeds
wore obtained from figure 5. Charge-air temporeturo for each con-
dition of manifold prossure and altltudo pressure was obtalned from
tho altitude temperaturc and a calculation of the tomocrature rise
through the supercharger. Curveos showing the rolation betweeon
pressure cocfficiunt Q.40 adiabatlic temperature-rise ratlo N,a°

and lond coofflciont Q,l/n wero obtained from a Pratt & Yhitney

report ontitled "Celibration of the B.M.W., 801D Superchergor,™
detod Auguat 18, 1943, YValues of altitude prossure and the corro-
soonding eltitudo tempereturo wore obtrined from reforonce Y.

Tho pressure coofficicnt rni ndiabatlic tomperature~riso ratio
for any r»erticular load coofflclont wero assumod to be constant for
eltitudee up to 35,000 feet. The exorossions for those peramoters,
which =ro dorived in roferonco 5 (pn. 9~10), arc as follows!

1
Y
__2->
P P
= \
9.9 < V? (1)
end
¥-1
Y
P
Ty P_2> -1
Naj = L1 = __ (2)
I =T

—II il LT
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Tho alr tomporaturc at the outlet of tho suprochargor can be ox-
pressod as a function of prossure cocfficiont, adlabatle temporaturo-

risc ratio, and impoller—tip spood as follows!

q-ad.vz

T, =T, + ;;; X E;E (3)

Tho temperatures T, and T, aro assumed to bo equel to charge-

air tomoorature and altitudo temperaturo, rosnectivoly. (Impoller
diamoter is 13.3 in.; superchargor high and low goar ratios aro
8.31:1 and 5.31tl, rcspoctively.)

In tho aforomontioned Pratt & Whitnoy roport, tho oporating
volue of the load coofflcient Q1/n is ostimetod to be 0.185 at a
retod powor of 1460 bhp, an altitudo of 16,300 fcot, and &n ongine
spcod of 2400 rpm. Tho valus of qadfnad remalns relatively in-

dopondont of imjeoller—-tip spoecds through 1100 fps ~nd relatively
constoent for tho oporating renge of lo~d coofficlonts. (8neo fig.
25.) A constent valuo of tho rotio qad/“ud can theroforo bo

agsuncd without ~r zporecimble error in the celculetion of chargo—
eir temperaturo. The veluo of qad/“ad used in tho erlculntions

rcoortad herein 1s 0.862.

An cquation for ongine alr flow in torus of menifold pressuro
P2. ongino sneecd N, end manifold temporaturo To 1s derivod rs

follows:

Wt. of eir érown into cylinder

n =
i ¥Wt. of air in disnlacoment volumo

2t charge~air donslty

Tho woight reto of alr flow por hour can be dotcrminod from tho
formula:

P, v
2 4 x50 x70.73

w"’n'z

[}
3
x

~
(=

Tho volunc of ~ir displnced por minute is
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Therofors,

e e .708 P, N
2

For occh englne spoed, the epproximate atmospheric vrossure
at the critical nltitude of the superchorger when oporcting in low
or high goar con be calculeted from tho followlng equation, which
relatos rom pressuro, controlled manlifold pressure (see fig. 5),
and the pressure drop through tho intake duct:

P =AP - p_ + P (5)
op Py 1 5

Ram proorurc at ony altitude con be exprensed as

If an alreneed of 31C mph in essurced,

Py

Expressing py; in terms of prcesurc ~nd temworaturo

. 6C.3 P,
z T T
1

The prossuro drop in the intake duct was ostimatod to be ono-
fourth the velocity head. Thus, in inchos of mercury:

2
AP=}.xlxp_zg._
4 2g  70.73

The volocity V; can bo expressed as follows:

v VR Ty
17 3600 x 70,73 (P, +p,) &
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SBubstituting the valuos for V; and p; in the expresslion for AP,

-10
(1.10 x 1019y w? T
AP = a

2
60.
PZ 6_ + 'Tll

If oquatlon (1) is solved for P,, the following relntion is
obteincd:

The substitution of the exprecssions for p,, AP, and Pq

into oguntlon (5) gives theo following equation for dotormining the
rtmosphiric prossure ~t tho criticrl altitudos of the asupercharger:

(1.0 x 10 W, 60.3 B, P,
P = - cr, (6)
Zer [/ 60.3\ T, Y
Pe (L *+ T ¥-1
crk -1 72
[:__lkzi
+1
lcng Tl

Fquntion (6) is solved by the "trisl and error" mcthod, using
agsumed veluea for P; , U, and T;. .The critical altitude with
cr

the superchargor in high ge~r wns cnlculsted by using a Ql/n value
of 0.135 to dotermine gq,3; with the supercharger in low gonr, &n

ostimatod veluo 0.223 wno used. Colcul-~tlons of criticenl altitudo
baged orn the foregolng estimated value of Ql/n compare fevorobly

with criticel-cltitude datn givon in reforonce 2 (p. 1C).

Above tho critical altitudos, the relatlion betwecn ongino
spocd ~nd menifold prossuro shown in figure 5 is invelid. It wes
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nccospary, therefore, to determins the relation betweon manifold
prossurc nnd eltitude at oach englne speed above the critlcel alti-
* tude. In order to obtain this relatlon, equation (6) was solvaod
for P wlth P, substitutod for chr'

i =
' - ~10
\ % "ad

2 cgT
60.3 - 1
P’G+T>

el
Figure 6 shows tho effoct of altitudo~density ratio on manifold
pressure a2bove the critical altitudos.

Y
Y~1
+1 (n

Alr flow sbove tho critical altitudes can be obteinod by sub-
stituting 1n oquntion (4) a zivon engine spood, tho corresponding
manifold nrcssurc ot tho oltitudo (£rom fig. 7), and tho eppropriate
chrrge-nir tomporature (from cquation (3)).
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Figure I, - Functional diagram of the BMW 801D2 automatic engine—controi syste-i
Arrows indicate direction of oil flow.
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(b) Left rear view.

Figure 3. - Concluded. Test installation of control systen.
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Maln-servocontrol-lever position, deg
gure 8, - The effect of the main-servocontrol-lever position on the range of

obtainable manifold pressures.
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